Aims-Intensive glycaemic control increases the incidence of hypoglycaemia. We sought to define the effects of hypoglycaemia on aldosterone, a hormone involved in cardiovascular injury and baroreflex impairment.
Introduction
Recent large-scale, prospective studies, in the outpatient (1) and the intensive care setting (2) , demonstrate an increased risk of mortality in patients with hyperglycaemia randomized to highly intensive glycaemic control. The mortality increase was not attributed directly to hypoglycaemia; however, the substantial increase in the incidence of hypoglycaemia with intensive glycaemic control raises the concern that factors associated with insulin-induced hypoglycaemia may have adverse clinical effects and could potentially be implicated in the pathophysiology of the increased mortality.
Aldosterone is an important factor in the pathophysiology of inflammation, vascular injury, cardiac arrhythmias, hypertension, stroke, cardiac disease and renal disease (3, 4) . In addition, elevated aldosterone levels are an independent predictor of major in-hospital adverse events and mortality in patients with a recent myocardial infarction (5, 6) . Further, large, multi-centre randomized trials demonstrate that blockade of the mineralocorticoid receptor reduces cardiovascular morbidity and mortality in patients with chronic heart failure (4) and in patients with an acute myocardial infarction complicated by heart failure (7).
Aldosterone is primarily regulated by the renin-angiotensin-aldosterone system which is activated by hypovolaemia, hypotension and low dietary sodium intake. The effects of insulin-induced hypoglycaemia on the renin-angiotensin-aldosterone system are not well defined. Specifically, plasma renin activity is increased by an insulin infusion under euglycaemic conditions (8, 9 ), but it is not known if it is further increased by an insulin infusion in the presence of hypoglycaemia. Similarly, the relative effects on aldosterone of an insulin infusion in the presence of euglycaemia or. hypoglycaemia are not established. To date, the only studies examining the effects on aldosterone of insulin-induced hypoglycaemia used bolus administration of insulin that results in variable insulin levels and hypoglycaemia of varying depth and duration (9) (10) (11) (12) (13) (14) (15) .
To define the effects of insulin and hypoglycaemia on plasma renin activity and aldosterone, we performed hyperinsulinaemic hypoglycaemic clamps to carefully control the insulin level and depth and duration of hypoglycaemia in healthy individuals. We contrasted the effects of hypoglycaemic and euglycaemic hyperinsulinaemic clamps on plasma renin activity and aldosterone in healthy subjects on controlled sodium diets. We determined the time course of increases in aldosterone relative to the onset of hypoglycaemia and the effect of prolonged hypoglycaemia on aldosterone levels. In addition, to determine the effect of increasing depths of hypoglycaemia on aldosterone levels, we examined the dose-response relationship between glucose levels and aldosterone using a stepped hypoglycaemic hyperinsulinaemic clamp.
Patients and methods
Subjects were recruited through advertisements in local newspapers and from electronic postings. All subjects underwent a medical history and physical examination at screening. Subjects with abnormal blood or urine chemistries, body mass index (BMI) above 29.9 kg/ m 2 , reported use of steroids within the past year, reported use of oestrogen or progesterone within the past 4 months, post-menopausal status or current medical problems were excluded. Subjects discontinued use of prescription and non-prescription medications 2 weeks prior to the studies, and the use of acetaminophen, alcohol or caffeine was prohibited for 48 h prior to admission. Written informed consent was obtained for all subjects. The Institutional Review Boards for Brigham and Women's Hospital and Beth Israel Deaconess Medical Center approved the study protocols.
To contrast the effects of hypoglycaemia and euglycaemia on plasma renin activity and aldosterone in subjects receiving a continuous insulin infusion, in Study 1, we assessed aldosterone levels in 13 healthy men and women who participated in euglycaemic (5.0 mmol/l) hyperinsulinaemic and hypoglycaemic (2.8 mmol/l) hyperinsulinaemic clamp protocols, separated in time by 4 weeks and in random order (16) . To determine the relationship between aldosterone and the depth of hypoglycaemia, in Study 2, we assessed aldosterone levels in an additional 13 healthy women who had participated in a stepped hypoglycaemic hyperinsulinaemic clamp protocol; blood glucose was decreased from 5.0 to 2.2 mmol/l by 0.55 mmol/l every 30 min (17).
All subjects consumed a controlled, isocaloric diet for a minimum of 3 days prior to studies. In Study 1, subjects consumed a moderate sodium diet (125 mmol per day). In Study 2, subjects consumed a low sodium diet (10 mmol per day), which increases baseline activity of the renin-angiotensin-aldosterone system. Subjects were admitted to the Brigham and Women's Hospital General Clinical Research Center and underwent hyperinsulinaemic clamp studies in the morning after fasting overnight in the supine position. During the clamp studies, subjects received a primed continuous intravenous infusion of insulin (80 mU/m 2 body surface area/min); Novolin R (Novo Nordisk, Princeton, NJ, USA) was infused for 135 min for Study 1 and Humulin R (Eli Lilly and Co., Indianapolis, IN, USA) was infused for 180 min for Study 2. Blood was withdrawn through an indwelling intravenous catheter placed in a retrograde fashion near the wrist of a hand resting in a warm box (66-70° C) and assayed for serum glucose levels every 5 min and, for insulin, ACTH, epinephrine and aldosterone every 15-30 min. Blood for plasma renin activity was obtained at the beginning and end of the Study 1 clamps. Serum was analysed for glucose (Beckman Glucose Analyzer II; Beckman, Brea, CA, USA), insulin (Access High Sensitive Insulin Immunoassay; Beckman Coulter) and aldosterone (Coat-A-Count Aldosterone RIA; Siemens, Los Angeles, CA, USA). Plasma was assayed for ACTH (DiaSorin ACTH IRMA; DiaSorin, Stillwater, MN, USA) and epinephrine (2 CAT RIA kit; Immuno Biological Laboratories, Minneapolis, MN, USA). Plasma renin activity was determined by the in vitro generation of angiotensin I (DiaSorin PRA RIA; DiaSorin). Urine was collected for 24 h for measurement of sodium and creatinine (COBAS Integra 400; Roche Diagnostics, Indianapolis, IN, USA).
Statistical analysis
The hormonal response to hypoglycaemia as compared with euglycaemia was analysed using repeated measures analysis of variance. The main effects were treatment (hypoglycaemia and euglycaemia) and time (Study 1) and time (Study 2). Treatment differences in response by time were assessed as interactions between treatment and time. Measures that were not repeated were analysed using the Student two-tailed t-test. A Pvalue less than 0.05 was considered statistically significant. Data are expressed as the mean ± standard error of the mean (SEM).
Results

Study 1
Thirteen healthy subjects (27 ± 2 years; 5 males) completed both the euglycaemic (5.0 mmol/l) and hypoglycaemic (2.8 mmol/l) hyperinsulinaemic clamp studies. Subjects had an average BMI of 23.9 ± 0.5 kg/m 2 , resting heart rate of 63 ± 2 bpm, systolic blood pressure of 105 ± 3 mmHg and diastolic blood pressure of 68 ± 2 mmHg at baseline.
Glucose levels were maintained at a target level of 2.8 mmol/l (median 2.82 mmol/l, range 2.56-2.93 mmol/l) during the final 105 min of the hypoglycaemic clamp and 5.0 mmol/l (median 4.96 mmol/l, range 4.69-5.06 mmol/l) during the euglycaemic clamp. Insulin levels were similar during the hypoglycaemic (751 ± 54 pmol/l) and euglycaemic (712 ± 22 pmol/ l) clamps. Baseline levels of plasma renin activity and aldosterone were similar at the start of the hypoglycaemic and euglycaemic clamp studies (Fig. 1b and c) and 24-h urinary sodium levels were similar between studies averaging 129 ± 12 mmol/24 h. Plasma renin activity levels were elevated at the end of both the euglycaemic and hypoglycaemic hyperinsulinaemic clamps (Fig. 1b) . However, the plasma renin activity increase over baseline was three times greater during hypoglycaemia (Δ = 1.5 ± 0.2 ng ml −1 h −1 ) as compared with euglycaemia (Δ=0.5 ± 0.1 ng ml −1 h −1 ), P < 0.005. There was a significant increase in aldosterone levels during the hypoglycaemic clamp as compared with the euglycaemic clamp (Fig. 1c) . Aldosterone levels remained elevated throughout the hypoglycaemic clamp but did not change during the euglycaemic clamp. The counterregulatory hormone epinephrine also increased during hypoglycaemia but not euglycaemia.
Study 2
Thirteen healthy pre-menopausal women (40 ± 2 years) completed the stepped hypoglycaemic hyperinsulinaemic clamp protocol. Subjects had an average BMI of 24.4 ± 1.2 kg/m 2 , resting heart rate of 71 ± 6 bpm, systolic blood pressure of 120 ± 3 mmHg and diastolic blood pressure of 77 ± 1.9 mmHg.
During the insulin infusion, insulin levels averaged 975 ± 57 pmol/l. Glucose levels were decreased from a baseline of 5.0 to 2.2 mmol/l in decrements of 0.55 mmol/l (Fig. 2a) . Baseline levels of plasma renin activity and aldosterone were 2.0 ± 0.4 ng ml −1 h −1 and 417 ± 57 pmol/l, respectively, consistent with subjects consuming a low sodium diet; 24-h urinary sodium was 22 ± 3 mmol/24 h. There were no significant increases in aldosterone levels between target glucoses of 5.0 and 3.3 mmol/l. Further decreases in glucose to 2.8 and 2.2 mmol/l led to glucose-level-dependent increases in aldosterone, with aldosterone levels reaching 1314 ± 69 pmol/l at the end of the hypoglycaemic clamp (Fig. 2) . ACTH rose with hypoglycaemia (Fig. 2) .
Discussion
Our physiologic studies, contrasting the effects of hypoglycaemic and euglycaemic hyperinsulinaemic clamps under controlled dietary sodium intake in healthy subjects, clearly demonstrated that hypoglycaemia increases plasma rennin activity and aldosterone independently from hyperinsulinaemia. The rise in aldosterone was dependent on the depth of hypoglycaemia and was sustained at least for the duration of hypoglycaemia. As aldosterone mediates adverse cardiovascular effects (3, (4) (5) (6) (7) , these findings in healthy subjects may have implications for the pathophysiology underlying the mortality and morbidity associated with hypoglycaemia (1,2).
Hyperinsulinaemia in the presence of hypoglycaemia resulted in an increase in plasma renin activity that was three times higher than during euglycaemic hyperinsulinaemia. Increases in plasma renin activity under hyperinsulinaemic euglycaemic conditions have been attributed to activation of the sympathetic nervous system by insulin, insulin-mediated vasodilation and/or insulin-induced reduction in sodium chloride delivery to the macula densa (8, 18) . The further increase in plasma renin activity with hypoglycaemia is likely mediated through two mechanisms involving the sympathetic nervous system. Hypoglycaemia is a powerful activator of central sympathetic nervous system outflow, resulting in increased renal sympathetic nervous activity that leads to activation of β1-adrenoreceptors on juxtaglomerular cells that stimulates renin secretion (19) . In addition, hypoglycaemia increases circulating epinephrine levels. This rise in epinephrine, which is a central feature of the counterregulatory response to hypoglycaemia, also activates renal β1-adrenoreceptors.
Two likely mechanisms for the increase in aldosterone with hypoglycaemia are activation of the renin-angiotensin-aldosterone system and activation of the hypothalamic-pituitaryadrenal axis with ACTH stimulating aldosterone production (10, 11, 15) .
Acutely ill patients in the intensive care unit commonly have an activated renninangiotensin-aldosterone system as a result of hypotension and/or hypovolaemia. In Study 2, we used a low sodium diet to activate the renin-angiotensi-aldosterone system in the healthy subjects. Under these conditions, hypoglycaemia led to marked elevations in serum aldosterone. Acute infusions of angiotensin II or aldosterone in humans lead to attenuation of baroreflex sensitivity in healthy subjects, while angiotensin type 1 (AT1) receptor antagonism and angiotensin-converting enzyme inhibition restores attenuated baroreceptor sensitivity (20) (21) (22) . Levels of aldosterone similar to those observed during hypoglycaemia have been associated with decreases in baroreflex sensitivity in healthy subjects receiving aldosterone infusions (23) . The baroreflex mediates cardiovascular circulatory homeostasis and impaired baroreflex sensitivity is a predictor of mortality in individuals who experienced a recent myocardial infarction, possibly attributable to increased arrhythmias (24, 25) . We previously showed that baroreflex sensitivity is attenuated in healthy subjects more than 12 h after exposure to two 90-min periods of hypoglycaemia (2.8 mmol/l) (16) . The mechanism whereby baroreflex function is attenuated after antecedent hypoglycaemia is not known. The present data raise the possibility that activation of the renin-angiotensinaldosterone system may be a factor.
Aldosterone also increases oxidative stress, inflammation, vascular dysfunction, vascular injury, apoptosis and fibrosis, leading to vascular, cardiac and renal injury (3). Aldosterone increases interleukin-6 and other pro-inflammatory cytokines (26, 27) and thus could mediate the increase in these factors during hypoglycaemia (28, 29) . Further, aldosterone activation of the mineralocorticoid receptor causes defective regulation of the cardiac ryanodine receptor and impaired functioning of this receptor is an important cause of the initiation of cardiac arrhythmias (30) . In acutely ill patients with a myocardial infarction, high aldosterone levels are associated with an increased mortality and adverse clinical outcomes including ventricular fibrillation (5, 6) . Furthermore, in patients with acute myocardial infarction and heart failure, blockade of the mineralocorticoid receptor improves cardiovascular mortality and decreases the incidence of sudden death from cardiac causes (7).
Our findings in non-obese, healthy individuals need to be extended to patient populations that experience hypoglycaemia, such as critically ill patients treated with insulin and individuals with diabetes. Nevertheless, our results raise the possibility that hypoglycaemiainduced increases in aldosterone could play a role in the pathophysiology of cardiovascular disease and/or autonomic dysfunction in individuals who experience repeated hypoglycaemic episodes. (A) Serum glucose, (B) aldosterone and (C) ACTH levels during the 180-min stepped, hypoglycaemic, hyperinsulinaemic clamp study, n = 13; P < 0.001 for each hormone by repeated measures ANOVA. ACTH values were reported previously (17) . Upper panel in (a) indicates target blood glucose levels.
